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Studies on the crystallography of the deformation process in 

body-centered oubio metals have been renewed recently with investigations 

on the deformation of nolybdanum single crystals   and of alpha iron 

single crystals ' '  . It is now apparent that too raany exceptions to 

the rationalisation based upon the ratio of absolute testing temperature 

to absolute nolting point temperature by Andrada '  exist to permit more 

serious discussion of this type of analysis. The considerations of re- 

solved shear stress utilising only plants of a type (HOj» A12) «3*1 

Il23^j  ,   pencit analysis of the deformation only on the basis of 

these three type planes. 

The suggestions made by Chen and Uaddin  in which the slip pro- 

cess is envisioned as a composite slip on two non-parallel nlO\ planes 

(7) 
(this suggestion was made earlier by G. F» Slam  and by A. B„ Oren- 

ninger  ) can be illustrated echoaaticolly in Fig. 1. It may be seen 

that an unresolved trace or. any piano containing a \H1/ direction may be 

accomplished by varying the numhar of atosa participating in the com- 

posite process. By further varying the number of atoms in each plane but 

keeping the ratio of the participating atoms oonst&nt, one could then ob- 



i 

tain Jog* In tha traoaa and honoe produoa wavy alip linae. Evidence for 

the ooapoalto nature of the process has boon presented for tho MM of 

wlybdenun in tho form of analysis of aatariaa and longitudinal axis Mi- 

gration. Further evidence on aolybdamas In the oaaa of bonding and by 

noo of x-rsy Bdcrosoopy will bo forthooaing shortly in othor publications. 

Vogsl and Brick' * have studied tha behavior of alpha iron crystals 

in which they suggest that tha plana of glida ia non-cryatallographio and 

nay bo predicted froa tha intaroootion bataoon tha groat oirolo Joining tho 

alip dirootion and epeclnec axia with tha grant alrola whoaa aona axis ia 

too alip dirootion* Howevar, tha aatariaa developed in their imrestigA- 

tioo was not auffieient to parait analyaia in tha sane nannar aa weed by 

Chan and Madflla* Consequently, only tha unresolved traoaa waro oonaidarod 

in their analyaia. 

Tho praaont investigation waa atteapted in ordar to study tha bo» 

bavins* of ixlobiua aingla crystals, not only in tension hot alae in oca- 

proaalon ainoo tha apaoiaan axia migration ahould indioato the piano or 

planoa of glldo in tha eaas nannar that tha speciaen axia adgratioii in 

tanalon indioatoa tha dirootion of glida* 

Qcperiaental Iroooduro 

Single oryatala of niobiua approxlaataly 3 aau in dlanatar vary- 

ing in length were grown by tho nethod previously doaoribod for aclytode- 

saar *'. It waa not alwaya poaaibla to obtain vary long aingla oryatala 

and quite often aoro than one large grain ooonpying the total oroae«aaa 

tion waa praaont in tha extension epeoimena. For tha coapreeeion speei- 

asns, it waa a aiaplo natter to out oryatala of proper length to parait 

accurate atudiaa of tho daforaation proooaa. 



h< 

. 

4 •;•'•• ••:• 
.'     <**•• !•!••! II        •,'•,•,,, _ ,  

I 
Surfaoe preparations wro wy difficult sine* a good elootroly* 

tio polishing solution was not erailabla to insure propor sirfaos oondi- 

«<» to *«OTM. «*.    * KM*. .WP.»d * .. W. W.h<W> 

oonslsting of 8555 oonoontratod sulphwia acid, 1& oonoontratod Uydro- 

fluorio aoid„ was used with * platinuo oathodo, a eunront density of 0»0a 

aqosro* par equare oontiastor, and a temperature betsosa t$ tad 60^0 with 

0 Hart tad —H of suoooss*   Consosaontly, the adcrographs reproduced 

hero leave sonsthlng to bo desired* 

frqoorlaaetal BerAtw 

The initial orientations of all crystal* investigated are shown 

la fig* 2*   Althoich Idas crystals were deforced, orientations in tbs 

vicinity of tho (001) were net available la ordsr to oonsidor tbs off set 

of orientation on tho crystallography of dcf oraation*   la toras of too 

Opinoky and Saoiuohowski plot of plaaos of —i— resolved sheer stress, 

however, there ars oryotsls whoso orientations fall within ths area whwro 

oas of seoh typo of plane, i.s.# flio], fll^, sad [it)] would haws tho 

highest roaolwod shoar stress. 

Crystal No* f was approximately two oentiawtero long and oooupied 

tho ontlro oross-esotion of tho 3 sou rod.   Tho rod was pulled la a 

hydraulic tonsils aaohins to tho first appearance of slip Uass*   Leu* 

baok reflection photogrsas showed a longitudinal axis shift towards tho 

1 Ull (direction 0).   Stereographio snalysis of tho slip traoos at every 

10 degrees in asiaath around ths spsoisan g*ve a non-orystallographie 

plans as ths plans of glide.   Longitudinal axis shift and ths polo of tho 

piano dotarainsd froa slip plans traoso aro shown la Fig* 3.   Hrforton- 

ately, tho ourfaoo of tho orystal was quite oaodgod and obeervationt of 

"~l 
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Pig, 2 - Initial Orientations of All Crystals Investigated. 
Triangle Is Divided into Areas Indicating the Slip 
Systene of Highest Rasolved Shear Stress (with 
Referenoe Only to {UJO^, £12(, end pjfc Planes). 
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Pig* 5 - Initial and Final Orientation of Crystal Nb-2. 
Stereographio Determination of Traces Shown aa 
Solid Am; Olida Plans Polo Prodiotod by (2) 
Intersection Method Shown aa Unmarked Circle  . 

I * 

^ - I 
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the traces wars difficult. Little asteriam was present after this small 

deformation and analysis of tha planes of glida baaed upon asteriam could 

not be mads. 

Crystal Nb-4*, approximately the same length aa Nb-2, waa extended 

throa par cent in tha first elongation. Although stereographio analysis 

of tha trace* observed indioated a non-crystallographio plane of slip, 

analysis of the asterisn indioated tha (oil) and tha (Toi) aa tha planes 

of glide (planes II and 17 in Fig, U). This may be seen in Fig# k whora 

the longitudinal axis shift ia plotted together with the asterisa shown 

in Fig* 5(a) M ?0 and Pr From tha longitudinal axis shift plotted 

using the tails of the asteriam, it may be seen that the activity of two 

planes has ooourred. In an effort to determine rare accurately tha axis 

about which asterisa ooourred, Laue baok refleotion photograns sera made 

every two degrees about the specimen axia in the vicinity of the critical 

position* Tha photogram shown in Pig. 5(b) clearly dsBonstratas a [H2J 

axis as that about which aaterism ooourred. The photogram was plotted 

stsreographioallr In order to indicate the plane and direction of glide. 

This plot again showed the (Oil) [lilj (IIA) to be one of the slip sys- 

tems acting. 

This crystal was extended again until necking occurred. Laue 

pootograms were made in the section adjacent to the necked region. The 

final position of the longitudinal axis is shown labeled as P2 in Fig. U. 

It Is olasrly demonstrated that the predominant system is (Toi) [lH]l 

(IVC) accounting for the axis shift from P1 to P2.- Collateral gliding on 

tha other system (Oil) [111] (IIA) was suspected from the photograms but 

asterisa was too great to permit a careful analyala. 

. 

1 
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Pig. li - Initial and Final Orientation of Crystal Nh-lu 

p0~pl Illdlcat<> Positions of As tar ism End Points. 
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Crystal Nb-7 was pulled until making occurred in the grain,   Laua 

photograms did not permit analysis of the axtreme asterlsm but did permit 

ft plot of the axis ahifte   It should be pointed out that the final longi- 

tudinal txis position, Pj_, was datem&ned by noting only one point (that 

of maximum density) on extensive streak*.   This is shorn in Pig* 6*   Al- 

though a rotation towards the [ill](B) oan be noted, little can be said 

regarding the plane of glide except that sere the system of —I— shear 

stress to have operated, the axle shift would have been towards the fj5l](C). 

This activity in Nb-7 points to the complexity of the deformation in the 

body-centered cubic crystals* 

Crystal Nb-6 wms extended approximately fire per cent.   Surface 

conditions were better hers and stereographio analysis of these traces, 

shown in Fig. 7* gave the (Id) as the plans of glide.    In this case, the 

axis shift, shown in Fig. 8, indicated ths slip system to be (1(31) [ill] 

(I7-C).    The method of analysis for ferrite single crystals used by Vogel 
(4) 

and Brick  , where a great circle drawn through ths axis of the specimen 

and the slip direction intersects the great circle whose pole is \lllj, 

designates the plans of glide to be Tory close to (foi). The aateriem In 

ths Lena photograms was complex but not enough developed to permit accur- 

ate plotting. There was present in the complexity, however, the indioa- 

tion that (Sol) [ill) (I7-C) was not ths only slip system. 

Ths behavior of crystal Nb-9 was quits complex. Ths initial 

orientation. Tig* 9, was very close to the (OH) and vwy dose to the 

(oH)-(OOl) boundary. Two flat surfaces at 90° angles were polished on 

the specimen held in sealing wax. After etching in concentrated HP, ths 

ijpeoimen was slsctropolished. Lane back reflection photograms 
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Pig0 6 - Initial and Final Orientation of Cryatal Nb-6. 

I 
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Pig. 7 - Stereographio Plot of Slip Traoea at Every 10 Dagrooa in 
Asimuth. Araa Enoloaad (101) Polo. Cryetil Nb-7. 

• 
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Pig. 8 - Initial and Final Orlantation of Crystal Nb->7« 
Predict*! Pole Shcnm aa Ttonarkad CJLrela. 
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fig* 9 * Initial, Intarmediata and Final Orientation of Crystal Nb-9. 
P2-P2   Dsaignata End Pbinta of Aatarlaa. 

I 
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of each avurfmoe to indioat© the removal of n»terial affected by the 

polishing* 

lbs npeaimen was extended shout two par cent and ©sses&ned with 

sd,oro»oop@ and x-rays s   No slip lines cmftd be observed and littls or no 

axis shift oo\&d be observed.    The sp©otesn was axtendad again to a total 

elongation of about six per cent*   Although elip lines were visible, 

great difficulty was encountered in attempting analysis from the traces6 

X-ray photograas raade at different positions around the speciaen axis 

testified to the oocrplsx behavior of this arystal*   Referring to Fig. 9$ 

the initial orientation of the crystal is plotted as PQ and the position 

of the axis after six per sent elongation by Pge   The axis shift indicates 

a rotation towards £lllj  (B), the possible slip direotion.    The system 

II-B, however, is one of very low shear stresso   Consequently, the action 

say be of a composite nature involving the planes 17 and 7 (not shown 

here), both containing the dire@ti.en B.    In yiew of the fact that a plot 

of the extent of asterism shows the participation of ays-tea I7«C, it 

sight be suggested that in addition to the activity of planes 17 and 7 in 

direction B, there is the participation of 17 in direction C   After exten- 

sion again to about 16 per cent, the position of the axis was at fy **•&• ?* 

The behavior of Nb»9 after 16 per cent elongation might now be explained by 

the participation of slip systeas E-D and I7-C.   Again, the slip lines 

ware extremely complex showing not only very wavy nature but also the pro- 

hounoed development of deformation bands. 

The behavior of Nb-10 with an initial orientation almost the same 

as Nb-9 but farther along the symmetry curve (on)-(OOl) was not quite so 

oomplex.   After about six per cent elongation, the axis shift, PQ to Pj in 
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In Fig. 10, might likewise be explained on the participation of systems 

IV and V in direction B. However, after 16 per cent elongation the axis 

shift indicated a participation of (Oil) ["Til] (IT-A). The small devia- 

tion along the great circle to '.111) (&) "^ psrhaps be attributed to 

the continual participation of IV and V in Direction B, but on a snail 

scale. However, the position of P,, being at the outer limit of the ac- 

curacy of orientation determination, oannot be classed as rigorously in- 

dicating the later activity of (OH) fill] (U.-B). 

The behavior of Nb-1, extended about five per cent, could bs 

called olassical. The analysis of the slip traces showed (lOl) (IV) to be 

the plane of glide and the axis shift is primarily towards the proper 

[ill] (C) (Fig. 11). Little can be said here about the collateral parti- 

cipation of other fliol planes since little asterism was present after 

this extension. 

Nb-0 was approximately 10 mm. long by 3 ran. in diameter* Its ends 

wars milled and fjound parallel. Following this operation, the specimen 

was polished electrolytically and aompressed with a special jig in a 

hydraulic compression maohinojtho bearing compression plates wars greased 

and the load was applied carefully. The first compression amounted to 

5.97 per cent. Confirmation of (101) as the plane of glide was obtained 

from analysis of the traces stereographioally. 

The appearanoe of slip traces on Nb-0 after the first compression 

is shown in Fig. 12 (a-d). The traces are, for the most part, straight 

and prove to be caused by the (loi) plane. The forked bands are presum- 

ably defoliation bands whose boundaries agree with no low indeoes, high 

atomic density plane* In certain oases, the bands are sean to consist of 
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Figo 10 - Initial, Int.3rr.jsdlat© and Final Orientation 
of Crystal Nb-10. 
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Fig-, 11 - Initial and Final Orientation of Crystal Nb-11. 

! 
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small but straight lines reminiscent of bands of secondary slip in alumln- 

Tha behavior of metal single crystals in compression has been in- 

vestigated frequently in order to determine the plane of glide.    Just as 

the ohange in position of the longitudinal axis after extension indicates 

the glide direction,  the same change in axes after compression Indicates 

the pole of the plane of glide when glide occurs completely or predominantly 

on a series of parallel planes. 

Reference to Fig. 13 in which PQ migrates to P^ can be explained 

from the activity of slip systems (loi) [ill]  (IV-C) and (101) \TLl\ (III-D). 

Further evidence can be cited from the behavior of this specimen after com- 

pression to 11 per cent.    The x-ray photogram shown In Fig. lh  is seen to 

consist of two diotingulshable asterisms.    If the tails of these are plotted 

separately, Indicated as P^-1^ **** pi"p2 ' A °^ear participation of the slip 

system IV-C and III-D may be noted. 

In an attempt to consider more carefully the extent of diaorienta- 

tion existing in the surfne layers of the specimen after deformation, 

x-ray microscopy '    '      ' was used.   Qi KK radiation, 30KV, was reflected 

from a bont quartz crystal ikonochroiiatur and focused on the specimen sup- 

ported on a two cirole goniometer.    Reflections were obtained for certain 

specimen positions and recorded on speetroscopic VO plate held parallel to 

the focused beam almost tangent to the speolmsn surface yielding the re- 

flection.    Exposures of from one-half to four hours were necessary to ob- 

tain suitable records.    In Fig, 15 (a, b, o) there is shown the striated 

and banded structure observed by this technique.    The amount of disorienta- 

tion as a result of 5.U7 and 11 per cent compression can be seen, at least 

qualitatively in these x-ray micrograme. 

I 
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Fig. 13 - Initial and Final Orientations of Crystal Nb-o 
(Compression).    P2~p2   Indicat'a End Points of 
Double Aatorlsraa Shotn in Fig. Hi. 



£*- I .' 

19 

Throughout these compression studies, it na apparent that the 

amount of distortion (asterism) produced per amount of deformation is 

far greater in the case of compression than In tension*   For example, af- 

ter 16 per cent compression, the asterism is so great as not to permit 

orientation determinations whereas the same amount of extension produces 

much less disorientation. 

Specimen Nb-2o was treated in the same manner as Nb-O.    It was 

compressed 2*91 per cent and observed by mlarosoopo, x-ray and x-ray 

microsoopy.    Analysis of the traces indicated three glide planes to hare 

been operative} these were (Ho) (VI),  (OH) (II). and (101)  (III).    A 

micrograph of three sets of traces is shown in Pig* 16*    It is possible 

that the slip direction is the same far all three of these planes.    If the 

anount of jlide on each of these planes in the same slip direction Is the 

sane, the movement of the axis along a great oirole to (101) would be ex- 

pected.    However, as may be seen in Fig* 17, the pole movement PQ to P^ la 

not exactly along this great oirole indicating an uneven amount of glide 

on the fllOV planes concerned.    After 1U.S per cent compression, however, 

it is apparent that the glide on the plane (101) (III) predominates as 

shown by the movement of P^ to ?2» 

Disousalon of Results 

Determination of glide planes from observation of the traces on 

the surface might be questionable when these traces urm wavy, branched and 

forked.    Such is normally the case with traces observed on plastically de- 

formed body-centered cubic crystals.    Nevertheless, a direction is gener- 

ally assigned to a wavy trace and with many such observations, a determina- 

tion of the apparent glide plane may be made.    Such an example is aeen in 



5. 
Fig. 17 - Initial, Internadiate, and Final Orientation 

of Crystal Nb-2C (Compression)* 

' 
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Pig. 7*    Hare, the amount of extension was about $ par aent and with this 

snail deformation, tha traces appeared somewhat straight. 

TTlth compression of niobium, however, the deformation markings 

are of a different character.    Two typos can be noted.,  (o.f» Pig, 12, 16) 

those lines which are straight snd narrow wherever observed and those 

bands of relatively large width which are branched, forked and wavy. 

Stereographio plots of the straight narrow lines show [110$ to be the 

glide plane whereas sir.ilrr plots of the bands yield no confirmation.    It 

is also possible to observe very small straight, narrow segments compos- 

ing the bands;  these, too, apparently prove to be caused by 4110^ planes. 

Perhaps a more sensitive indication of the glide plane would be 

found in analysis of the asterism resulting from deformation.    As in the 

oase of molybdenum      , a ^112 7 axis is shown to be the axis about whioh 

asterism occurs*    In the oase here reported (Fig. Ub), it is readily 

seen that this axis is £l2l) in which oase the plane of glide is (loi) 

and the direction [lllj if it oan be assumed that plastic deformation in 

the body-centered cubic crystals,  i.e. rotation of the plane of glide la 

about an axis in the plane and normal to the direction of glide*    There 

appears to be sufficient observations to support this assumption in the 

body-centered cubic crystals      '        .    Had other type planes acted as 

glide planes, other axes should be observed as the axes about whijh rota- 

tion occurs, e.g. for a  U12l a   v1-0")   would operate.    However,  these 

have not been observed to date. 

The optical analogy between diffraction of x-rays by bent atomic 

planes and the reflection of light by curved mirrors provides the basis 

for a method for interpreting asterism from deformed single crystals at 
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least qualitatively in term of the direction of rotation of the atonic 
(15) planes        •    Thus,  if the ends of the asterism are plotted stereographie- 

ally, the direotion of displacement of these asterisms interpreted as 

positions of tho longitudinal axis of the specimen indicates the direotion 

of   'lide in tension and the plane of ^Lide in compression.    For example, 

the extent of asterism in ?ig. ii indioatee the participation of slip system 

II-A in the first extension.    Later rotation, howler, shows the operation 

of system IV-C.    It TOuld appear that the correct interpretation is that 

where both systems operate.    A similar example may be seen in Fig. 9.    In 

the oompression case, Fig. 13, a more apparent activity presents itself. 

Here, the rotation independent of asterism Is not directly conclusive of 

any particular piano of glide, whereas the extent of asterism clearly 

demonstrates the collateral operation of IV-C and its oonjugate II-A.   A 

somewhat similar example is seen in Fig. 17 where one )H0> plane has 

acted predominantly in the later stages of deformation as indicated by the 

large rotation towards this pole. 

The use of x-ray microscopy lends further support to the idea that 

slip in the body-centered cubic crystals occurs in a composite fashion. 

Although the resolution derived by this method is not greater than what is 

generally attainable with light microscopy, effects of surface conditions 

can be eliminated.    Thus if there existed a sudden change In direction of 

slip traces which could not readily be observed because of surfaoe condi- 

tions, x-ray microscopy might be expected to showthls.    Examples of this 

effect have been found in extended molybdenum single crystals        .    Ex- 

ample* in Fig. 15 show relatively straight striae and bando where optioal 

microscopy reveals branched and wavy bands. 
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The question may well be asked as to why planes of lower resolved 

shear stress but of high atomio density would aot In oontraat to lower 

atomio density planes with higher resolved shear stress.    C. H„ Uathew- 

(17) son    '    has provided a possible answer to this.   Consider the schematic 

drawing in Fib. 18(a) whioh shows the relation between a (112) plane of 

high resolved shear stress5 a ooxnpoalte (112) plane constructed of non- 

parallel \ll6\ planes for the orientation where the (112) planes would be 

predicted on the basis of resolved 3hear stress (£b-7 or Nb-9 In Pig. 1). 

The area of the composite plane constructed from two non-parallel JllOV 

planes is 

5^     •   1.15 S^ 
cos 30° 

Similarly, Fig. 18(b) shows the same relation between a (123) plane and a 

composite (123) plane constructed by using a ratio of three atoms of one 

fllOt  to one of another non-parallel fllOJ.    Here the area of the 

posite is obtained from triponojsetrio relations to be 

S121   r   3123 x 1*133 
0.883 

Since the sinXoos X factor is the same in both cases if the assumption of 

composite slip is made, the resolved shear stress is only 1$ per cent 

greater on the pseudo (112) plane and only 13.3 per cent greater on the 

pseudo (123) plane.    It would appear that a mathematical basis for com- 

posite slip might exist. 

The problem of resolving the traces into their composite nature 

would best be solved with aid of the electron mlorosoope provided the ao- 

tual number of atoms participating in the prooees is sufficiently large 

(the ratio remaining constant).    Attempts are now being mad* using extended 



2U 

molybdenum single crystals. 

A second possibility of presenting good evidence in favor of com- 

posite slip would be to develop a sensitive load measuring device in order 

to distinguish the small differences in load resolved along actual and 

"paeudo" planes. Careful resolved shoar stress measurements would indicate 

the plane or planes along which glide has occurred. These experiments are 

now being contemplated using single crystals of various body-cantered cubic 

metals. 
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Fig.   L,    Illustration Shoeing tha Integrated Trace Produced by 
Using Different Numbers of Atoms in Non-parallel 
JllOj Planes, 

Fip, $.    X-ray Photograns of Crystal Nb-h. 
(a) Thi3 Shows Two Distinct Asterisks.    The Larger 

of the Two Is Plotted Stereograph!cally in 
Fig, km 

(b) Photogram Hsed for Determining Axis of Astarism. 
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FLATS II 

Tig. 12.    Slip Lines And Deformation Bands in Crystal Nb-0 
(Compression) 

(b) Rotated £8 Degrees from Position (a) 
(c) Rotated 160 Degrees from Position (a) 
(d) Rotated 20 Degrees from Position (a) 

Fig. 12*.   X-ray Photogram Showing Two Asterisms.    These Are 
Plotted in Fig. 13 as P2-P21. 
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Fig. 12 

Fig. Ik 
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PUTE in 

Pig. 15*    X-ray Uicrograms of Crystal Nb-o Made Using Bent 
Quartz Monochromator;  30 Kv Cu K0   Radiation 
V-0 Plate* 
(a) Nb-o After First Compression.   X70 
(b) Nb-o After First Compression from Another 

Set of FUnos.    170 
(o) Kb-O After Second Compression.    X110 

Fig. 16.    Three Sets of Slip Lines in Conroraasion Specimen 
Nb-2C. 

Fig. 18 (a).    (112) Plane as Compared with "Pseudo" (112) 
Plane Made by Using Equal Numbers of Atoms 
in Two Non-parallel ^llOJ Planes. 

Fig. 18 (b).    (123) Plane as Compared with "Pscudo"  (123) 
Plane Made by Using Three Atoms of One ilio} 
Plane and One Atom of a Non-parallel f 110^ Plane. 

. 



% to; 

E 

Fig, 15 

Fig. 18 a 
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